We studied the performance of an evanescent wave magnetometer with a coated cell of adjustable length. The cell length varies from a few millimeters to less than 100 m. Two kinds of antirelaxation coatings are used: octadecyltrichlorosilane ͑OTS͒ and dichlorooctamethyltetrasiloxane ͑Surfasil͒. Sub-kilohertz linewidth can be achieved for a 100 m thick OTS-coated cell. Magnetometers with coated ultrathin cells have superior performance in inhomogeneous magnetic fields, and can achieve a spatial resolution of better than 25 m.
Atomic magnetometers, 1 that measure magnetic fields by measuring the Larmor frequency of the ground state alkali metal atoms, are being developed along two directions. On the one hand their sensitivity has been improved to surpass that of the superconductor quantum interference devices. [2] [3] [4] On the other hand there is much interest in the miniaturization of atomic magnetometers. 5 The current microelectromechanical systems technology is capable of making submillimeter cells to be used in miniature atomic magnetometers. However, it is still not feasible to manufacture submillimeter cells coated with antirelaxation coatings because these coatings cannot survive the high temperature during the microfabrication process. In an evanescent wave magnetometer, the Larmor frequency of the Rb atoms is measured within a distance of ϳ10 −4 cm from the cell surface. 6 Thus, an evanescent wave magnetometer with a coated cell of adjustable length provides a simple way to study the performance of submillimeter atomic magnetometers. The results of the study should be useful to the development of these magnetometers.
We studied the magnetic resonance linewidth and signalto-noise ratio ͑SNR͒ of evanescent wave magnetometers with coated cells of adjustable length. The cell length varies from a few millimeters to less than 100 m. Evanescent wave magnetometers with coated ultrathin cells have superior performance in an inhomogeneous magnetic field, and can achieve a spatial resolution of better than 25 m.
The experimental setup has been described in Ref. 6 . Pyrex glass cells of cylindrical shape with adjustable length are used in the experiment ͓see inset in Fig. 1͑b͔͒ . 7 The cell length is adjustable between a few millimeters and several tens of micrometers by changing the position of a prism inside the cell. In the present experiment this is done by gently tapping the stage on which the cell is mounted. The cell length is measured using a retroreflection technique with an accuracy of 10 m. 8 The cells contain isotopically enriched Rb ͑98.3 at. % 87 Rb͒ and 0.0067 amagat N 2 gas. 9 The cell surfaces and those of the prism inside the cell are coated at the same time. The following two types of coatings are used in the experiment: dichlorooctamethyltetrasiloxane ͑Surfasil͒ and octadecyltrichlorosilane ͑OTS͒, following the procedures described in Refs. 7 and 10, respectively. The cell is mounted inside a box made of peek. The box is put in a larger than the critical angle, and undergo total internal reflection at the interface between the cell surface and Rb vapor. Beams A and B have slightly different incidence angles and their penetration depths are, respectively, 0.7 and 2 m, so that they are spatially separated outside the cell. Both beams being in the zx plan of incidence, their evanescent waves propagate along the x axis. The z axis is normal to the cell surface, pointing into the Rb vapor. A homogeneous holding magnetic field along the x axis is produced by three pairs of orthogonal Helmholtz coils. A pair of radio frequency ͑rf͒ coils produces an oscillating magnetic field 2B 1 cos͑t͒ along the y axis. The rf field is amplitude modulated by a square wave at ⍀ / 2 = 200 Hz. The intensity of beam A is monitored by a silicon photodiode, the output of which is fed into a lock-in amplifier. When the radio frequency matches the Larmor frequency of 87 Rb atoms, the longitudinal Zeeman polarization along the x axis is diminished, causing a decrease in the intensity of the reflected beam A. The radio frequency is scanned across the Larmor frequencies of 87 Rb atoms to yield a magnetic resonance curve.
Shown in Fig. 1 are the dependence of the half linewidth and the SNR on the cell length L in a homogeneous magnetic field ͑ϳ0.1 G͒. The magnetic noise in the laboratory was not shielded. This added a small amount of scatter to the data, as indicated by the error bar. The advantage of variable-length cells is that the cell surface properties remain the same when the length of the cell is varied. For Surfasil-coated cells, surface relaxation starts to increase the half width appreciably when L decreases to a few hundred micrometers whereas for OTS-coated cells the half width does not increase significantly even when L decreases to 100 m. For L ϳ 1 mm or larger, the half width in Surfasil-coated and OTS-coated cells are comparable, and, in the limit of vanishing rf broadening, are approximately equal to 0.35 kHz, which is mainly due to spin exchange collisions, 11 magnetic noise in the lab, and the side peaks at frequencies Ϯ⍀ as a result of the squarewave modulation of the rf radiation.
The increase in the half linewidth of an ultrathin cell due to surface interactions in a homogeneous magnetic field is given by
where ␥ s = s / s and L 1/2 = s v / 3, s being the average relaxation probability of a polarized Rb atom while it is on the surface, s the average dwell time, and v the mean thermal velocity of Rb atoms. Note that ␥ s is the surface relaxation rate and corresponds to the increase in the half line width due to surface interaction for vanishingly small cell length, and L 1/2 describes how thin a cell can be before surface relaxation starts to increase the half width appreciably. It is interesting to note that ␥ s and L 1/2 depend only on the surface properties and not on the buffer gas pressures. In Fig. 1 we use Eq. ͑1͒ to fit the half linewidth data. The best fit yields ␥ s / 2 ϳ 0.32 kHz, L 1/2 ϳ 50 m for OTS coating, and ␥ s / 2 ϳ 1.6 kHz, L 1/2 ϳ 100 m for Surfasil coating. Data similar to those in Fig. 1 were taken in several OTS-and Surfasil-coated cells. The surface relaxation probability s is typically one order of magnitude larger for Surfasil than for OTS coatings, and the dwell time s two to three times longer for Surfasil than for OTS coatings. 7 One sees from Fig. 1͑b͒ that for good coatings such as OTS, the SNR improves significantly with decreasing cell length. This is unique to the present experimental configuration because for conventional atomic magnetometers the signal decreases with cell dimension. Due to the small penetration depth ͑ϳ1 m͒ of the pump beam, the fraction of the time that a Rb atom interacts with the pump beam increases with decreasing cell length. Furthermore, smaller L leads to more restricted diffusion. Therefore, the steady state polarization and consequently the signal increases as L decreases as long as surface relaxation is not important. A representative sub-kilohertz magnetic resonance curve for an evanescent wave magnetometer with an ultrathin ͑100 m͒ OTScoated cell is shown in Fig. 2͑a͒ .
The linewidth of atomic magnetometers is broadened by magnetic field inhomogeneities. In an evanescent wave magnetometer the small penetration depth of the evanescent probe beam greatly reduces its susceptibility to field inhomogeneities. The magnetic resonance line shape of an evanescent wave magnetometer in the presence of magnetic field gradients has been studied in great detail. 12, 13 Depending on the experimental conditions, the magnetic resonance curves can have modes localized near the front and back cell surfaces in the frequncy space ͑edge enhancement͒. This occurs only when the dimensionless parameter s = ͑L / 2͒͑ ʈ / D͒ 1/3 Ͼ 1, where ʈ = ␥‫ץ‬B x ͑0͒ / ‫ץ‬z is the Larmor frequency gradient due to the longitudinal field gradient, ␥ / 2 = 700 kHz/ G be-
FIG. 2. ͑a͒ Representative magnetic resonance lines for OTS-coated cells:
͑a͒ In a homogeneous magnetic field ͑0.07 G͒ and ͑b͒ in an inhomogeneous magnetic field with gradients ‫ץ‬B z / ‫ץ‬x = ‫ץ‬B x / ‫ץ‬z = 0.57 G / cm, which is generated by the combination of three orthogonal pairs of Helmholtz coils and a round Alnico bar magnet. The holding field B x at the center of the cell is 0.86 G, and B y = 0. Open circles are data. Solid lines are calculated using the theory in Refs. 12 and 13. The rf broadening for ͑a͒ and ͑b͒ is about 0.2 kHz. The broadening due to the transverse field gradient, which is the main contribution to the linewidth in ͑b͒, is 1.1 kHz. ing the gyromagnetic ratio of 87 Rb atoms. When s Ͻ 1, there are no localized modes, and all the modes are located in the middle of the cell if we neglect the frequency shift due to the transverse field gradient and surface interaction. The T 2 contributions to the full width by the transverse and longitudinal field gradients are, respectively, given by Ќ ͱ D / 0 ͑Ref. 13͒ and e 0 ͑ ʈ 2 D͒ 1/3 ͑Ref. 12͒, where Ќ = ␥‫ץ‬B z ͑0͒ / ‫ץ‬x is the transverse Larmor frequency gradient, 0 = ␥B x ͑0͒ the Larmor frequency corresponding to the holding field at the center of the cell, and e 0 is the lowest dimensionless eigenvalue obtained numerically from the theory. For ultrathin cells ͑s Ӷ 1͒ the linewidth due to the longitudinal field gradient can be obtained perturbatively and is ϳL 4 ʈ 2 / D. 13, 14 Because of the L 4 dependence, the broadening due to the longitudinal field gradient is not important for ultrathin cells. Plotted in Fig. 3͑a͒ is the dependence of the half width and the SNR on L in the presence of magnetic field gradients ‫ץ‬B x ͑0͒ / ‫ץ‬z = ‫ץ‬B z ͑0͒ / ‫ץ‬x = 0.57 G / cm, the corresponding magnetic resonance curves being displayed in Fig. 3͑b͒ . Note that the signal is much larger for the 0.19 mm thick than for the 4.3 mm thick cell because of the much larger Larmor frequency spread for the latter cell. When the two edge enhanced peaks are well resolved, which happens for large s, the linewidth is determined by that of the peak localized near the front surface in frequency space. For example, the linewidth for the cell length 4.3 mm is 17.4 kHz, an order of magnitude narrower than the width 170 kHz that one would expect for a conventional atomic magnetometer of the same size in the absence of motional narrowing. As s decreases, the localized peaks are no longer fully resolved, and they both contribute to the linewidth. For example, for cell length L = 1.03 mm, the two localized peaks are not fully resolved, and the linewidth is 33 kHz, approximately equal to that of a miniature atomic magnetometer with a cell dimension ϳ1 mm without motional narrowing. As s decreases further, the two edge enhanced peaks start to overlap and, eventually, when s becomes less than one, there are only non-localized modes. The linewidth decreases rapidly. For example, for L = 0.19 mm, the linewidth is 2.6 kHz. Using Ќ / 2 = ʈ / 2 = 400 kHz/ cm, D =30 cm 2 / s, 15 0 / 2 = 600 kHz, and e 0 = 0.018, 12 we find that the broadening due to the transverse field gradient is 1.1 kHz, and that due to the longitudinal field gradient is 0.16 kHz. The rf broadening is measured to be ϳ0.7 kHz. The linewidth can be reduced by using smaller rf amplitude at the expense of the SNR ͓see Fig. 2͑b͔͒ .
We define the spatial resolution ␦z of a magnetometer as the half width at half maximum in coordinate space of the response curve of the magnetometer, 6, 16 i.e., the signal decreases by a factor of two when the position of the magnetometer is varied by a distance ␦z. Shown in Fig. 2͑b͒ is a magnetic resonance curve for an OTS-coated cell of length 100 m in a field gradient of 0.57 G / cm. The corresponding spatial resolution in the direction of the longitudinal field gradient is 25 m, a factor of three improvement over that reported in Ref. 6 .
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FIG. 3. ͑Color online͒ ͑a͒
The full linewidth and the SNR for an OTScoated cell with adjustable length in the same inhomogeneous magnetic field as in Fig. 2͑b͒ except for a slightly different holding field. ͑b͒ The corresponding magnetic resonance curves for some of the data points in ͑a͒. Symbols are data. Solid lines are calculated using the theory in Refs. 12 and 13. Note that when the cell length is varied the position of the front surface is fixed. The peak that corresponds to L = 0.19 mm is at 600 kHz, and is shifted from the cell center by ͑ Ќ / 2͒ ͱ D / o = 0.56 kHz due to the transverse field gradient ͑Ref. 13͒. Using Ќ = 400 kHz/ cm, we can deduce the position of the front surface to be at 595.64 kHz in the frequency space.
